The MIP (major intrinsic protein) family is a widespread family of membrane proteins exhibiting two major types of channel properties: aquaporins and solute facilitators. In the present study, freezefracture electron microscopy was used to investigate the oligomerization state of two MIP proteins heterologously expressed in the plasma membrane of Xenopus laevis oocytes: AQPcic, an aquaporin from the insect Cicadella viridis, and GlpF, a glycerol facilitator from Escherichia coli. Swelling assays performed on oocytes 48 and 72 h following cRNA microinjections showed that these proteins were functionally expressed. Particle density determinations indicated that expression of proteins is related to an increase in particle density on the P fracture face of oocyte plasma membranes. Statistical analysis of particle sizes was performed on protoplasmic fracture faces of the plasma membrane of oocytes expressing AQPcic and GlpF 72 h after cRNA microinjections. Compared to control oocytes, AQPcic-expressing oocytes exhibited a specific population of particles with a mean diameter of 8.7 ؎ 0.1 nm. This value is consistent with the previously reported tetrameric organization of AQPcic. In addition, AQPcic particles aggregate and form orthogonal arrays similar to those observed in native membranes of C. viridis, consisting of homotetramers of AQPcic. On the protoplasmic fracture face of oocytes expressing GlpF, the particle density is increased by 4.1-fold and the mean diameter of specifically added particles is 5.8 ؎ 0.1 nm. This value fits with a monomer of the 28-kDa GlpF protein plus the platinum-carbon layer. These results clearly demonstrate that GlpF is a monomer when functionally expressed in plasma membranes of Xenopus oocytes and therefore emphasize the key role of the oligomerization state of MIP proteins with respect to their function. 1999 Academic Press
INTRODUCTION
The MIPs 2 (major intrinsic proteins) constitute a widespread membrane channel family that has been identified from bacteria to human. Two major functional subgroups of specific channels have been characterized: aquaporins (AQPs), which transfer water, and glycerol facilitators (GlpFs), which transfer glycerol and/or small neutral solutes. A third subgroup, a class of channels permeable to water, glycerol, and other small uncharged molecules, was recently described (Echevarria et al., 1994; Ishibashi et al., 1994 Ishibashi et al., , 1997 Ma et al., 1994; Kuriyama et al., 1997; Ishibashi and Sasaki, 1998; Tsukagushi et al., 1998) .
It is interesting to point out that many years prior to the molecular identification of water channels, special patterns of intramembrane particles observed by freeze-fracture electron microscopy were proposed to represent a morphological signature of water-transporting units (Chevalier et al., 1974 (Chevalier et al., , 1979 Kachadorian et al., 1975) . Some aquaporins have already been reported to form orthogonal particle arrays. For instance, AQP4 and AQP0 form orthogonal arrays in various expression systems (Yang et al., 1996; Van Hoek et al., 1998; Ehring et al., 1990; Verbavatz et al., 1994) .
Secondary structure predictions based on the highly conserved residues and short hydrophobic sequences led to a common structural model: MIP proteins exhibit six helical transmembrane segments with the N and C termini located in the cytoplasm (Jung et al., 1994) . The three-dimensional structure of AQP1 was resolved at 6-Å resolution by electron crystallography (Walz et al., 1997; Cheng et al., 1997; Li et al., 1997) and seems to confirm the common structural model. The protein complex is made up of four monomers. Each monomer consists of six tilted ␣-helices spanning the membrane bilayer surrounding a central density area.
Few data exist about the oligomerization state of the MIP proteins. The eukaryotic AQP0 (Aerts et al., 1990; König et al., 1997) , AQP1 (Smith and Agre, 1991; Verbavatz et al., 1993) , AQP2 (Kamsteeg et al., 1999) , AQPcic (Beuron et al., 1995) , and AQP4 (Verbavatz et al., 1997) and the prokaryotic AqpZ (Ringler et al., 1998) have been demonstrated to exist as homotetramers. Using velocity sedimentation on sucrose gradients, we have demonstrated that AQPcic, an insect aquaporin, and GlpF, the glycerol facilitator channel of Escherichia coli, have different behavior in nondenaturing detergents, indicating that glycerol facilitators could be monomers (Lagrée et al., 1998b) . These results suggest a relationship between oligomerization and transport selectivity. By using site-directed mutagenesis, we further showed that a 2-amino-acid substitution transforms an aquaporin into a glycerol facilitator. This functional switch is correlated with a monomerization of the protein (Lagrée et al., 1999) . Thus it appears that in MIP proteins, a close relationship exists between the function and the oligomeric state. Since aquaporins exhibited different single-channel water permeabilities and that some aquaporins could function as well as solute transporters (AQP3, AQP7, AQP8, and AQP9), Van Hoek et al. (1998) , have proposed that various oligomeric structures might exist for different MIP members. Therefore structural information concerning the oligomeric state of MIP proteins in membranes is needed to elucidate the relationship between oligomerization and function.
Freeze-fracture electron microscopy has been widely used to identify integral membrane proteins in natural membranes or reconstituted in proteoliposomes. Moreover, a recent analysis of freeze-fracture images has shown that it is possible to correlate dimensions of particles with protein structure (Eskandari et al., 1998) . It was reported that oocytes expressing exogenous channel proteins displayed a much higher particle density in the plasma membrane than water-injected oocytes. Moreover, exogenously expressed channels appeared as particles only on the protoplasmic fracture face (PF) (Eskandari et al., 1998; Zampighi et al., 1995) . The diameter of specific particles appearing in the PF of oocyte plasma membranes following expression of AQP1 was 8.75 nm. This size is consistent with the tetrameric assembly of the polypeptide as determined from high-resolution projection maps. This approach can therefore be used as a means to determine the oligomerization state of membrane proteins functionally expressed in Xenopus oocyte plasma membranes.
The purpose of this study was to analyze the morphology of AQPcic and GlpF proteins functionally expressed in the plasma membrane of Xenopus oocytes using freeze-fracture electron microscopy. We have measured the densities and the sizes of particles corresponding to functional AQPcic and GlpF proteins in membranes of Xenopus laevis oocytes. An important finding is that the particle size of GlpF is significantly lower than that of AQPcic. From this result, we conclude that GlpF is a monomer when functionally expressed in the plasma membrane of Xenopus oocytes. This direct observation is in good agreement with our previous finding of a monomeric functional form of GlpF.
MATERIALS AND METHODS
Water and glycerol transport assays. Studies on osmotic water or apparent glycerol permeabilities of oocytes were performed as previously described (Lagrée et al., 1999) . Briefly, the AQPcic cRNA and GlpF cRNA were transcribed from pSP-AQPcic and pSP-GlpF vectors. The water or cRNA was microinjected into X. laevis oocytes of stage VI. For water permeability measurements, swelling was induced by a fivefold dilution of extracellular buffer A (82.5 mM NaCl, 2.5 mM KCl, 1 mM CaCl 2 , 1 mM MgCl 2 , 2 mM NaHCO 3 , 10 mM Hepes/NaOH, pH 7.4). For apparent glycerol permeability measurements, control and injected oocytes were transferred at 20°C in an isoosmotic solution (buffer A) containing 140 mM glycerol. In both cases, swelling oocytes were monitored by videomicroscopy.
Immunoblotting. Total membranes of Xenopus oocytes were prepared as previously described (Lagrée et al., 1999) . Proteins separated by SDS-PAGE (Laemmli, 1970) were transferred onto a PVDF membrane (Lagrée et al., 1998a) and then immunodetection was performed using polyclonal rabbit antibodies raised against the native AQPcic protein (Beuron et al., 1995) or raised against a synthetic C-terminal peptide of GlpF (Lagrée et al., 1999) .
Sample preparation and freeze-fracture. After functional studies, control oocytes and oocytes expressing recombinant proteins were fixed between two glass slides and prepared for freezefracture electron microscopy as previously described (Zampighi et al., 1995) . Most fracture planes passed through the cytoplasm instead of following the plane of the plasma membrane. So, the protocol was slightly modified by manual removal of most of the vitellus. Thus, extensive PFs and EFs (exoplasmic fracture faces) of the plasma membrane were obtained and additional experimental procedures were more reproducible. Freeze-fracturing was performed with the Biotech 2000 freeze-fracture apparatus (Leybold-Heraeus, Cologne, Germany). Images were recorded at a nominal magnification of 20 000 using a CM208 Philips electron microscope at 80 kV.
Measurement of freeze-fracture particles and data analysis. For particle density and particle size determinations, measurements were performed from at least two PFs of membranes from at least two oocytes. Images of the PF were enlarged to a final magnification of 41 000 and digitized using a flatbed desktop scanner. For particle density measurements, a final pixel size of 1.3 nm was used. Particle densities were automatically determined using MACs, an image processing software program (Rolland et al., 1997) . For particle size measurements, a pixel size of 0.5 nm was used. The particle size was figured out by measuring the width of the particle perpendicular to the direction of the shadow. Results were plotted as frequency histograms (Eskandari et al., 1998; Van Hoek et al., 1998) that were fitted to a multiple Gaussian function
where x is the particle size, and y is the relative frequency for a given size. Each population of particles is given as mean Ϯ standard deviation. Native membrane preparation and calculation of projection map. Native membranes of filter chamber (FC) of Cicadella viridis were prepared as described by Hubert et al. (1989) with some slight modifications: membrane fractions were washed for 24 h in an alkaline buffer with a very slow stirring, and then membranes were kept at 4°C for 1 week in order to enhance the order of native 2D crystals of AQPcic. Native membranes of FC were negatively stained with 2% uranyl acetate and observed with a CM12 Philips electron microscope operating at 80 kV.
Images were recorded at a nominal magnification of 35 000 and digitized at a 10-µm pixel size on the micrograph with a Leafscan 45 CCD-array microdensitometer. Image processing was performed using the MRC image analysis package (Crowther et al., 1996) and the SPIDER software system (Frank et al., 1981) .
RESULTS

Expression of Proteins in Oocytes and Functional Assays
AQPcic and GlpF were transcribed in vitro from pSP-AQPcic and pSP-GlpF vectors. cRNAs were microinjected into the cytoplasm of Xenopus oocytes. Control oocytes are defined as water-injected oocytes. The presence of AQPcic and GlpF in the cell membranes was verified by Western blotting. As shown in Fig. 1 , AQPcic and GlpF are not detected in control oocytes. At 48 and 72 h following cRNA injection both proteins are detected in the oocyte membrane fraction with a significant increase of protein expression from 48 to 72 h. To analyze the functional expression of AQPcic and GlpF in the plasma membrane of oocytes, cell osmotic water permeability (P f ) and the apparent glycerol permeability (P Ј gly ) were measured by swelling assays (Fig.  1) . Forty-eight hours following cRNA injection, AQPcic-expressing oocytes exhibit a 15-fold increase of P f compared with control oocytes, whereas oocytes injected with GlpF cRNA do not show any P f increase. GlpF-expressing oocytes present a 2-fold increase of P Ј gly compared with control oocytes. No modification of the apparent glycerol permeability is detected in oocytes expressing AQPcic.
Freeze-Fracture
On freeze-fracture images, the PF of control oocytes exhibits a population of dispersed particles ( Fig. 2A) . The appearance of the PF plasma membrane of AQPcic and GlpF-expressing oocytes 48 and 72 h after cRNA injection is shown in Fig. 3 . In contrast to control oocytes, the PF of oocytes expressing AQPcic displays numerous large aggregates of particles. At 72 h after AQPcic cRNA microinjection, the size and the number of such aggregates strongly increased (Fig. 3B) . Moreover, at 72 h these aggregates form well-ordered orthogonal arrays as shown on the computed diffraction pattern (Fig. 4) . Such orthogonal arrays are never observed in the plasma membrane of control oocytes. GlpF-expressing oocytes exhibit scattered small particles distributed in the fracture face of the plasma membrane (Fig. 3C) . At 72 h after GlpF cRNA injection the density of
FIG. 1. Functional expression of AQPcic and GlpF in Xenopus oocyte membranes: (A and B)
Results of swelling assays. Oocytes were injected with water, AQPcic cRNA, and GlpF cRNA. For water permeability (P f ) measurements, oocytes were exposed to an osmotic shock by a fivefold dilution of the extracellular buffer. For glycerol apparent permeability (P Ј gly ) measurements, oocytes were exposed to an isoosmotic buffer containing 140 mM glycerol. Swelling oocytes were monitored by videomicroscopy. Data are means Ϯ SD. (C) Western blot analysis of membrane extracts from Xenopus oocytes injected with water, AQPcic cRNA, and GlpF cRNA. Immunodetections were achieved with anti-AQPcic antibodies (AQPcic) or with antibodies against a synthetic peptide of GlpF. these particles is largely increased but no aggregates are observed (Fig. 3D) .
Particle Density Table I shows particle densities determined from the PF of oocytes injected with water, AQPcic, and GlpF cRNA at 48 and 72 h after injection. Particle densities reveal significant variations between control oocytes and AQPcic-and GlpF-expressing oocytes. Control oocytes do not exhibit a significant increase of particle density between 48 and 72 h. At 72 h the mean particle density is 346 particles/µm 2 . AQPcic-expressing oocytes present numerous particle aggregates 48 h following cRNA injection. Thus, two types of measurements of particle densities were carried out: from particle inside aggregates (PInAs) and from particle outside aggregates (POutAs) ( Table  I) . At 48 h the POutA density is slightly higher than that of particles from control oocytes but increases significantly after 72 h. The mean PInA density is 2267 Ϯ 357 particles/µm 2 72 h after cRNA injection. For orthogonal arrays, the center to center spacing for AQPcic particles is about 7.2 nm (Fig. 4) ; this gives a density of at least 19 290 particles/µm 2 . Thus at 72 h, the density of particles for AQPcic-expressing oocytes is increased by 1.9-to 56-fold. In GlpF oocyte membranes, a significant increase in particle density is observed after 48 h when compared to control oocytes and a 4.1-fold increase of particle density is observed in GlpF-expressing oocytes at 72 h after injection.
Particle Diameter
Distributions of particle diameters are presented in Figs. 2B and 5. PFs of control oocytes exhibit a homogeneous distribution of particles with a mean diameter of 7.8 Ϯ 0.1 nm. Expression of AQPcic is correlated with the appearance of densely packed proteins that can form orthogonal arrays. Two different frequency histograms of particle diameter from POutA and from PInA have been carried out (Figs.  5A and 5B). The frequency histogram determined on the PF from POutA (Fig. 5A) shows two populations of particles. One major population is observed of particles with a diameter of 7.3 Ϯ 0.1 nm, similar to endogenous particles. A minor particle population is distinguished with a particle diameter of 8.2 Ϯ 0.2 nm. A similar particle population is observed in the frequency histogram for PInA on the PF membranes (Fig. 5B) . Indeed a homogeneous distribution of particles is observed with a mean diameter of 8.7 Ϯ 0.1 nm. Oocytes expressing GlpF exhibit a bimodal distribution of particles, suggesting two major populations (Fig. 5C) . The first population is composed of particles with a diameter similar to that of endogenous particles (7.8 Ϯ 0.2 nm). The second population of particles displays a mean diameter of 5.8 Ϯ 0.1 nm and is not present in the control oocytes.
Projection Map of AQPcic
To estimate the thickness of the platinum-carbon film, the accurate dimensions of AQPcic should be known. Therefore, a projection map of AQPcic was calculated at 15-Å resolution from negatively stained native two-dimensional crystals. Figure 6 shows a fully symmetrized projection map. From this map, we calculated a mean size for the AQPcic tetramer of 6.5 nm. This value corresponds to the average between the length of the edge (5.9 nm) and the diagonal of the tetramer (7.1 nm). The mean size of the AQPcic monomer is about 3 nm.
DISCUSSION
Most integral membrane proteins are visible as intramembrane particles by freeze-fracture electron microscopy. In several studies it has been shown that it is possible to correlate the size of a freeze-fracture particle with the protein structure (Verbavatz et al., 1993; Eskandari et al., 1998; Van Hoek et al., 1998) . It has also been shown that variations in protein mass and glycosylation do not affect the particle diameter, but may modify the particle height. Thus, freeze-fracture electron microscopy can be used to determine the oligomerization state of heterologously expressed membrane proteins.
In the present study, two representative proteins of the two functional subgroups of the MIP family were investigated: AQPcic (Le Cahérec et al., 1996a) , an insect aquaporin that is nonglycosylated, and GlpF, the glycerol facilitator of E. coli, for which no report exists concerning any sugar association. Aquaporins and glycerol facilitators share similarities in their amino acid sequences and hydrophobicity pro-
FIG. 3. Freeze-fracture electron micrographs of PF oocyte membranes 48 (A, C) and 72 h (B, D) following cRNA injection. (A and B)
Replica from oocytes expressing AQPcic. AQPcic expression is correlated with the appearance of numerous large aggregates of particles. (C and D) Replica from oocytes expressing GlpF. GlpF expression is correlated with a significant increase of particle density 48 and 72 h following cRNA injection. In contrast to AQPcic, GlpF particles appear to be evenly distributed all over the oocyte membranes. Bars, 250 nm.
files. So, the monomeric units are likely to exhibit similar structural organizations, but oligomerization state could vary in the different MIP class proteins. Subsequently, we expressed AQPcic and GlpF into X. laevis oocyte plasma membrane and investigated the size of corresponding particles by freeze-fracture electron microscopy.
Measurements of water and glycerol permeabilities of Xenopus oocytes expressing AQPcic and GlpF, as well as Western blotting, confirmed that functional proteins were expressed and delivered to the plasma membrane. In our experiments we found a P f of 170.10 Ϫ6 cm/s 72 h after microinjection of AQPcic cRNA into oocytes. This value agrees well with the P f reported for AQP1 and AQPcic expressed in oocytes (Preston et al., 1992; Le Caherec et al., 1996a) . In the same way, the glycerol permeability of oocytes expressing GlpF has been demonstrated. In both cases, functional activity increases from 48 to 72 h following cRNA microinjection.
Expression of AQPcic and GlpF resulted in a modification of the number and size of particles on the PF of the plasma membrane of oocytes as observed by freeze-fracture electron microscopy (Fig.  3) . The size and density of intramembrane particles in the plasma membrane of AQPcic-and GlpFexpressing oocytes differed remarkably. While GlpF appears to be inserted evenly all over the oocyte membranes, AQPcic expression is related to the appearance of numerous particle aggregates. Indeed, 48 h after AQPcic cRNA injection into the cytoplasm of oocytes, numerous large aggregates of particles are found in the oocyte membranes. The number and the size of aggregates increase between 48 and 72 h following AQPcic cRNA injection (data not shown). For GlpF-expressing oocytes, 48 h after cRNA injection, there is a noticeable increase in particle density when compared to control oocytes and 72 h after cRNA injection a 4.1-fold increase in particle density is apparent. Consequently, our observations by freeze-fracture electron microscopy show clearly that the increase in channel activity is related to the appearance of particles on the PF of oocytes. These results confirmed previous data reported by Zampighi et al. (1995) and by Eskandari et al. (1998) , verifying the assumption that exogenously expressed channel proteins appear as particles on the PF. In both cases, the appearance of particles is clearly more pronounced 72 h after cRNA injection (Figs. 3B and 3D ). In addition, functional activities are slightly higher at 72 h than at 48 h after injection. Consequently, statistical analyses of particle sizes were performed on PF membranes 72 h after cRNA injection. Control oocytes exhibit a particle density of about 346 particles/µm 2 on PFs. Endogenous particles are homogeneously distributed in the PF of the membrane with a Gaussian distribution of a particle diameter of about 7.8 nm, which is consistent with a previously reported particle diameter for endogenous particles (Zampighi et al., 1995; Eskandari et al., 1998) . The expression level of endogenous particles is similar to those previously reported. Zampighi et al. (1995) determined a density of particles on the PF of 212 particles/µm 2 , whereas Eskandari et al. (1998) reported a density of 355 particles/µm 2 . For uninjected oocytes, Bluemink et al. (1983) reported a density for endogenous intramembrane particles on the PF of 50 particles/µm 2 .
On the PF of oocytes expressing AQPcic, two frequency histograms of the particle size have been calculated (Figs. 5A and 5B). The POutA PF exhibits a bimodal Gaussian distribution for the diameter of particles of 7.3 Ϯ 0.1 and 8.2 Ϯ 0.2 nm. The PInA PF Note. Particle densities were determined from PF membranes of oocytes injected with water, AQPcic, and GlpF cRNA. Measurements were performed 48 and 72 h after injection. AQPcicexpressing oocytes present numerous densely packed proteins on PF membranes. Particle densities have been determined in two membrane areas: in areas that do not contain particle aggregates (particle outside aggregate, POutA) and in areas located inside aggregates (particle inside aggregate, PInA). SD, standard deviation. The number of PFs used for particle density measurements is given in parentheses.
reveals a single population of particles with a mean diameter of 8.7 nm. In comparison with control oocytes, the value of 7.3 Ϯ 0.1 nm can be attributed to the endogenous particles. The large aggregates can organize into orthogonal arrays as seen in Fig. 4 , similar to those previously observed in the native plasma membrane of the filter chamber of C. viridis. (Hubert et al., 1989) . Such particle aggregates were never seen in GlpF-expressing oocytes or in control oocytes. In P25 (the former name of AQPcic) incorporating proteoliposomes, tetrameric intramembrane particles similar to AQP1 were observed. Moreover these particles were often densely packed (Le Caherec et al., 1996b) . Also the average diameter of intramembrane particles measured in AQP1-reconstituted and freeze-fractured proteoliposomes was 8.5 Ϯ 1.3 nm (Verbavatz et al., 1993) and in oocytes expressing AQP1 a particle diameter of 8.9 nm was found (Eskandari et al., 1998) . Thus, since AQP1 and AQPcic are homotetramers, we could expect a par- Frequency histograms determined from membrane areas that do not contain particle aggregates (particle outside aggregate, POutA) and from membrane areas consisting of particle aggregates (particle inside aggregate, PInA) of AQPcic-expressing oocytes. (C) Frequency histogram determined from PF membranes of GlpF-expressing oocytes. Each frequency histogram represents the particle size distribution of one PF membrane: POutA (N ϭ 704 particles); PInA (N ϭ 308 particles); GlpF (N ϭ 853 particles). ticle size between 8.5 and 8.9 nm for AQPcic. In addition, in previous studies, sedimentation analysis of solubilized native protein and solubilized membrane proteins of oocytes expressing AQPcic revealed that AQPcic is expressed as a tetramer (Beuron et al., 1995; Lagrée et al., 1998b) . These data strongly suggest that the particles of 8.7 nm observed in this study correspond to the AQPcic protein.
For the determination of the thickness of the platinum-carbon film deposited to produce the replicas, we have used AQPcic parameters derived from image processing. We modified the membrane preparation protocol in order to enhance the quality of the native 2D crystals of AQPcic. A projection map was obtained at 15-Å resolution from negatively stained specimens (Fig. 6B) . This projection map allows new insights in the organization of AQPcic. It appears that each monomer is composed of two unequal density domains comparable to the peripheral protrusion lining the edges of the tetramer of AQP1 and AqpZ when analyzed by surface topography (Walz et al., 1996; Scheuring et al., 1999) . The mean size of the AQPcic tetramer is about 6.5 nm and one monomer corresponds to 3 nm. The comparison of AQPcic particle diameter measured in freeze-fracture preparations and in our projection map allows us to estimate the platinum-carbon thickness at 1.1 nm.
For oocytes expressing GlpF 72 h following cRNA injection, the particles are evenly inserted into oocyte membranes. The measured density is 1424 particles/µm 2 , which represents a 4.1-fold density increase. The size distribution reveals two populations of particles, with mean diameters of 5.8 and 7.8 nm, respectively. Compared to control oocytes, a new class of particles is observed at 5.8 nm. The 7.8-nm particle population is likely to correspond to the endogenous particles observed in control oocyte membranes and the 5.8-nm particles to the functional unit of GlpF, which corresponds to a diameter of 3.6 nm without the platinum-carbon layer. To address the question of the oligomeric state of the GlpF 3.6-nm particle, we have computed the average size for a 3-nm particle in various oligomeric states (Fig.   7) . For a dimer, trimer, and tetramer, the expected average size should be 4.5, 6.0, and 6.5 nm, respectively. Thus, considering these possibilities, GlpF is likely to be a monomer, a dimer, or a combination of the two forms. If GlpF is a dimer, the thickness of the platinum-carbon would be 0.65 nm, which is 41% lower than calculated and seems unreasonable. If such variations in the thickness of the platinumcarbon film exist, we should observe significant variations in the particle diameter of GlpF-related particles according to the different freeze-fracture experiments. This is, however, not the case; thus such a variation of the thickness of the platinumcarbon film seems unlikely. Moreover, the low spread in diameter of the GlpF-related particle population and its corresponding mean diameter are not consistent with a mixed population of dimers and monomers even with a nonequal stoichiometry. Therefore, a 5.8-nm particle diameter for the monomer of GlpF unifies all our observations in a straightforward and self-consistent way.
In conclusion, this work presents a freeze-fracture microscopy approach in determining the oligomerization state of two representative proteins of the MIP family. AQPcic and GlpF expression led to morphological modifications of the plasma membrane of X. laevis oocytes with respect to number and size of intramembrane particles. A statistical analysis of the particle diameter was performed and indicated two new distinct populations of particles attributed to AQPcic and GlpF that allows us to conclude that in situ these proteins are tetrameric and monomeric, respectively. Taking into account the observation of Lagrée et al. (1998b Lagrée et al. ( , 1999 ) that a switch from the tetrameric to the monomeric organization was related to a change in transport specificity, we here provide an additional strong argument in favor of a functionality tightly correlated to the oligomerization state for the MIP family proteins.
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FIG. 7.
Oligomeric models constructed from a monomeric unit with a mean diameter of 3 nm. The mean size is defined as the average value between the largest and the smallest dimensions of the model. The computed size corresponds to the mean size of the particle plus the platinum-carbon layer.
